Homeo domain-containing proteins mediate many transcriptional processes in eukaryotes. Because nearly all animal homeo proteins are believed to bind to short, highly related DNA sequences, the basis for their high specificity of action is not understood. We show that cooperative dimerization on palindromic DNA sequences can provide increased specificity to one of the three major classes of homeo domains, the Paired/Pax class. The 60-amino-acid homeo domains from this class contain sufficient information to bind cooperatively as homo-and heterodimers to palindromic DNA sequences; that is, the binding of one homeo domain molecule can increase the affinity of a second molecule by up to 300-fold. Different members of the Paired (Prd) class of homeo domains prefer different spacings between half-sites, as determined by the ninth amino acid residue of the recognition helix. In addition, this residue determines the identity of the base pairs at the center of the palindromic sites, as well as the magnitude of the cooperative interaction. The cooperative dimerization of homeo domains in the Prd class distinguishes them from other classes, whereas binding-site configuration and sequence specificity allow for distinctions within this class.
The HD recognizes DNA through a region of homology to the helix-turn-helix motif present in a group of prokaryotic transcription factors (Laughon and Scott 1984; Qian et al. 1989) . In both the prokaryotic and eukaryotic cases, the second helix of this motif recognizes bases in the major groove of DNA (Pabo and Sauer 1992) .
However, genetic (Hanes and Brent 1989, 1991; Treisman et al. 1989; Percival-Smith et al. 1990 ) and structural (Kissinger et al. 1990; Otting et al. 1990; Wolberger et al. 1991 ) studies have revealed that whereas the prokaryotic recognition helix utilizes its amino-terminal six residues to interact with DNA (Pabo and Sauer 1992) , the HD utilizes a different geometry with respect to the DNA, and specificity relies on the ninth residue. Structural and biochemical comparisons between different HDs have converged on the following model for interactions between higher eukaryotic HDs and their binding sites: Conserved residues of the HD amino terminus and of the recognition helix contact a TAAT core in both the major and minor grooves, whereas different ninth residues of the recognition helix interact with and specify the 2 bp immediately 3' to this core. This model has been confirmed with several examples (Treisman et al. 1992 ) and supported by in vivo manipulations of the homeo protein Fushi tarazu (Ftz) (Furukubo-Tokunaga et al. 1992; Schier and Gehring 1992) .
Although most DNA-binding domains bind either as dimers (prokaryotic helix-tum-helix, nuclear receptor family, bZIP, helix-loop-helix, etc.) or as higher order complexes (heat shock factor, Lac repressor}, or possess multiple recognition domains (C2H2 zinc finger proteins) (Freemont et al. 1991; Pabo and Sauer 1992) , the 60-amino-acid HD binds identified target sites as a monomer (Kissinger et al. 1990; Otting et al. 1990; Affolter et al. 1991; Wolberger et al. 1991) . As expected by this limitation, HD recognition sequences consist of only 5-6 bp (Treisman et al. 1992 ), a paradoxical attribute for a domain that has evolved so many distinct functional specificities. Furthermore, several studies have suggested that highly diverged HDs have indistinguishable DNAbinding preferences (Desplan et al. 1988; Hoey and Levine 1988) . Thus, the apparent lack of specificity in DNA binding suggests that other mechanisms are required to achieve the individual functions of homeo proteins (Hayashi and Scott 1990) . Recently described examples of such mechanisms include homeo protein oli-gomerization, mediated by dimerization domains outside of the HD (Dranginis 1990; Ingraham et al. 1990; Rey-Campos et al. 1991) , as well as protein-protein interactions of homeo proteins with other factors (Keleher et al. 1988; Grueneberg et al. 1992; Lai et al. 1992; Pomerantz et al. 1992; Smith and Johnson 1992) , and association of the HD with other DNA-binding domains (Ingraham et al. 1990; Chalepakis et al. 1991; Fortini et al. 1991; Ruberti et al. 1991; Treisman et al. 1991; Verrijzer et al. 1992) . In contrast to these cases in which protein regions other than the HD itself are required, we describe here a new mechanism by which the 60-amino-acid HD can itself confer highly specific interactions with DNA.
We chose to investigate the specificity determinants of one of the three largest classes of homeo proteins, the Paired (Prd) class. Within this class are members that also possess a second DNA-binding motif, the Prd domain [e.g., Drosophila Prd, Pax HD genes (Boppet al. 1986; Gruss and Walther 1992) ], and other members that do not [e.g., Drosophila Orthodenticle (Finkelstein et al. 1990}, Xenopus Goosecoid (Gsc) and Mix-1 (Rosa 1989; Blumberg et al. 1991) , and human Phox-1 (Grueneberg et al. 1992) ]. Disruption of Prd class homeo proteins results in developmental abnormalities in a wide range of organisms including the nematode (Miller et al. 1992) , Drosophila (Baumgartner et al. 1987) , mouse (Epstein et al. 1991; Hill et al. 1991) , and human (Gruss and Walther 1992) . Because little is known about the DNA binding specificity of the Prd class of homeo proteins and no biological target sites have been identified for any of its members, we chose to employ the SELEX method (Thiesen and Bach 1990; Tuerk and Gold 1990; Szostak 1992) , in which optimal DNA ligands are isolated from random oligonucleotide libraries. This approach revealed that the Prd class HDs bind optimally to palindromic DNA sequences composed of two TAAT half-sites. The 60-amino-acid HD contains sufficient information to cooperatively dimerize on these sites, thus distinguishing the HDs of the Prd class from those of other classes, which bind as monomers. We also demonstrate that the spacing between half-sites and, hence, the structure (conformation) of the DNA-binding complex, varies between members of the Prd family. This conformational specificity is conferred by the ninth residue of the HD recognition helix: When the position is occupied by a serine {as in Drosophila Prd), the structure of the cooperative dimer on DNA is more compact than when it is a glutamine (as in Mix-l) or a lysine (as in Gsc). In addition, this residue also determines the identity of the base pairs at the center of the palindromic sites, as well as the magnitude of the cooperative interaction. Therefore, HD cooperative dimerization, binding-site configuration, and bindingsite sequence specificity allow for distinctions between homeo proteins within the Prd class.
Results

The Prd HD binds as a cooperative dimer to palindromic DNA sequences
We have designed a simple and general version of the SELEX procedure (Thiesen and Bach 1990; Tuerk and Gold 1990; Szostak 1992) to select optimal ligands for DNA-binding proteins. A double-stranded DNA oligonucleotide containing 18 random positions in the center, flanked by constant regions for PCR amplification, is incubated with a fusion protein between glutathione-S transferase {GST) and one of various HDs. DNA associated with such beads is amplified by PCR, and the resulting DNA is then entered into further generations of selection and amplification. Individual oligonucleotides selected by the HD are then cloned and sequenced, and sequences are aligned to generate a consensus. We initially used this technique on two HDs from Drosophila proteins (but not from the Prd class) that have been shown to interact in viva with specific promoter sites. Both the Ftz and the Bicoid (Bcd) HDs selected sites nearly identical to those functionally recognized in viva [TAATCC for Bcd and TAATGG for Ftz {Driever and Nfisslein-Volhard 1989; Shier and Gehring 1992)]. As predicted by the current model (see introductory section) of HD-DNA interaction and specificity, they selected identical core TAAT elements but preferred different base pairs immediately downstream of this, according to the differences between the two HDs at recognition helix position 9 (lysine for Bed, glutamine for Ftz).
We then performed the binding-site selection on the HD from the Prd protein, for which no biological target sites are known. The sequences selected by the Prd HD also all contain the core HD binding motif TAAT. They fall into a major and a minor group (Fig. 1A) . Figure 1B represents the consensus from the more common type of sequence (the minor group will be discussed below). Unexpectedly, the consensus is a palindrome composed of two inverted TAAT sites separated by 2 bp (therefore called P2). The symmetric nature of the consensus suggested that two Prd HD molecules bind to the sequence. To determine the stoichiometric nature of the complex between the Prd HD and the P2 sequence, and to eliminate any potential involvement of GST, we overproduced a 65-amino-acid HD peptide in Escherichia calf and tested the extract for DNA binding in a mobility shift assay. Figure 2A shows that the Prd HD peptide binds the P2 site (TAATTGATTA} to produce a major complex (D) that migrates slower than a less abundant complex (M). On a probe containing only one half-site (P1/2, TAATTG), the HD shifts the probe only to a position corresponding to the lower complex on P2 (M). This suggests that the Prd HD binds DNA predominantly as a dimer (D) on the P2 probe, and, with lower affinity, as a monomer (M) when only one half-site is supplied. The dimeric nature of the major species bound to P2 was confirmed by mixing a higher and lower molecular weight Prd HD construct (Hope and Struhl 1987) , and observing an intermediate band, analogous to the experiment shown in Figure 2B (data not shown). Thus, it appears that the Prd HD can bind to a single TAAT half-site and that one monomer binding event on P2 is capable of facilitating a second one. We refer to this twostep process as cooperative dimerization. Qualitatively, the cooperativity can be seen from the fact that at con- TGATGTGCTGTAATTGATTACATGAT  TTCATGATAATCGATTATTGATGTGGTGAT  GAGTGGGGCGTAATTGATTAACTGAT  TGATTGCGGTGCTAATTGATTATGATATCG  TGATTCGGCCTAATTGATTAGTTGATATCG  TTCATGATAATTGATTAACGCTTCCCTGAT  ATCAAGCCGTACTTAATTGATTATCATGAA  TGATGCTAATCGATTAACGGGCTGAT  TTCATGATAATCGATTAGCACGGTGTTGAT  TGATGGCGTAATCGATTAAGTCATGAT  ATCAGGCAGAGGTTAATTGATTATCATGAA  TTCATGATAATTGATTACCTTGCTGTTGAT  TTCATGATAATCGATTATGGGGCGCTTGAT  TGATTAGCTAATTGATTAGCGGTGAT  TTCATGATAATTGATTAGCGTCAGGCTGAT Of the 37 sequenced, 29 aligned according to the major consensus, 6 to the minor consensus and 2 contained TAAT motifs that could not be assigned unambiguously to either group. For each sequence, the TAAT core binding site is in bold-face type. {B) "Consensogram" of the major consensus selected by the Prd HD. The height of each stacked bar represents the number of occurrences of each base at each position along the consensus. The consensus is a palindrome of two TAAT motifs separated by 2 bp and is therefore called P2. bound probe is present. This is in contrast to the way in which the Prd HD binds to the P52 probe, in which 5 rather than 2 bp separate the TAAT half-sites ( Fig. 2A) . We reasoned that the 5-bp separation should disable the cooperativity, because this configuration was not selected from the random DNA pool. P52 can also be bound by a single or by two Prd HD molecules, depending on HD concentration. Unlike the case of Prd HD binding to P2, however, the first site of P52 becomes nearly saturated before the second one begins to fill ( Fig.  2A) . Quantitatively, the strength of the cooperative interaction on P2 can be expressed as the cooperativity constant, a-, defined as the extent to which the first HD bound to one half-site increases the affinity of a second HD for the adjacent half-site (see Materials and methods). The cooperativity constant can be calculated by comparing the relative amount of HD required to produce an equal amount of unbound and dimerically bound probe on P2 versus P52 (using equation 4, Materials and methods). By use of the data in Figure 2A , ~r is calculated to be 44. That is, the first DNA-binding event on P2 aids the second binding 44-fold. Another method for determining the cooperativity is presented below and yields similar results. Thus, unlike HDs characterized previously, which have been shown to be capable of recognizing DNA only as monomers, the Prd HD prefers to bind a palindromic DNA sequence as a cooperative dimer.
A major consensus:
Homo-and heterodimerization of Prd class HDs
We wished to determine whether other Prd class HDs could dimerize on the P2 site and whether cooperative complexes between different HDs could form. Therefore, we mixed the Prd HD peptide with a higher molecular weight peptide containing another Prd class HD (Hope and Struhl 1987) . As shown in Figure 2B , the Gooseberry ---distal(Gsb) (Baumgartner et al. 1987 ) HD peptide exhibits behavior similar to Prd on P2 versus P1/2 (or versus P52, data not shown). When the Gsb HD is mixed with the Prd HD, three types of dimeric complexes form on P2, representing the two types of homodimers (PrdPrd and Gsb--Gsb) and the heterodimer of intermediate mobility (Prd-Gsb) . The cooperative nature of the heterodimer on P2 is shown by its ability to compete with
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Cold Spring Harbor Laboratory Press on April 8, 2011 -Published by genesdev.cshlp.org Downloaded from that the dimerization properties of the Prd HD are conserved within the class. the two cooperative homodimers, and by the fact that it is present to a m u c h lesser degree on P52 at the same concentration of HDs (data not shown). We have also observed cooperative dimerization on P2 with a recently cloned highly divergent Drosophila member of the Prd HD class, Lune (S. Jun, B. Kalionis, and C. Desplan, unpubl.) . Because this HD is one of the most divergent in the Prd class (only 58% homologous to Prd), it is likely
Cooperative binding results m synergistic activation of transcription
We used cultured Schneider insect cells to test whether the cooperative dimerization observed in vitro could lead to synergistic trans-activation. We compared the response of promoters containing a single P2, P52, or P1/2 site to Prd full-length protein. Increasing amounts of Prd producer plasmid were cotransfected with a constant amount of a reporter plasmid containing target sites driving CAT. Figure 3A shows that at intermediate levels of protein, P2 responds m u c h more effectively to Prd than does P52 or P1/2. Quantitative analysis {Fig. 3B) shows that the amount of Prd producer required to bring about half maximal activation of the promoter with P2 is 40-fold less than with P52. Because both palindromic sites (P2 and P52) support similar levels of activation at high protein concentrations, when nearly all sites are presumably occupied, it is likely that the increased responsiveness of P2 over P52 at low protein concentration is attributable to cooperative binding, rather than to different activation potentials of the P2 versus P52 bound promoters. Since higher activation levels can be achieved with the addition of a second HD palindromic site (data not shown), saturation of transcriptional activation on P2 results from full site occupancy rather than from transcriptional saturation. These results suggest that in the context of the full-length Prd protein, the HD can cooperatively bind the P2 site in vivo and lead to synergistic trans-activation.
Residue 9 of the recognition helix alters cooperative binding by the HD
The HDs that cooperatively dimerize on the P2 site, Prd, Gsb, and Lune, all possess a serine at the ninth position of their recognition helices. This position in other HDs has been shown previously to interact with the base pairs immediately 3' to the TAAT core sequence (Hanes and Brent 1989, 1991; Kissinger et al. 1990; Otting et al. 1990~ Percival-Smith et al. 1990 Treisman et al. 1992 ). These base pairs correspond to the center of symmetry in the P2 palindrome. We therefore investigated how the identity of this amino acid would influence the cooperative dimerization of Prd class HDs. Because other members of the Prd class possess a glutamine or a lysine at this position, we performed the random-site selection assay with the Prd HD in which the serine nine ($9) had been mutated to glutamine (Qg) or lysine (K9).
All of the sequences selected by Prd HI9 Q9 display a motif allowing alignment ( Fig. 4A} . As with the wildtype Prd HD, this consensus contains two inverted TAAT sequences, each followed by a pyrimidine. In the case of the Q9 mutant, however, 3 bp instead of two separate the inverted TAATs. Figure 4B shows the 65-residue Prd HD Q9 peptide cooperatively binding to the P3 sequence (3 bp separating the inverted TAATs) but CAT activity is expressed in arbitrary units after normalization of transfection efficiency with a vector expressing 13-galactosidase. The maximal activity on the P2 site is designated as 100. The P2 site requires 40x less producer to reach half-maximal activity than does the P52 site.
not to a sequence in which 5 bp separate the two inverted TAATs (P53). Binding of the HD to a single halfsite (P1/2) marks the position of the singly bound probe. We measured the cooperativity constant, T, by comparing binding of the Prd HD Q9 peptide to the P3 versus P5 3 probes (by equation 4). Using the data from Figure  4B , T is calculated to be 240. Thus, the cooperativity of the Q9 mutant on P3 is much stronger than that of the wild-type ($9) Prd HD on P2. Therefore, the S ~ Q mutation alters both the relative position of the two HD monomers in the optimal binding complex and the strength of the cooperativity.
The HD dimeric complex formed by Prd HD Q9 on P3 presents an interesting feature: In a mobility shift, it migrates slightly faster than the noncooperative dimer on P5 3 (arrows, Fig. 4B} . Mixing two Prd HD Q9 peptides of different molecular weights showed that this P3 complex is a dimer (data not shown). The unusual migration of the cooperative dimer may therefore represent structural changes in the HD-DNA complex. Such changes are not present in the noncooperative P53 complex or in the cooperative complex of Prd HD on P2 (see Fig. 2A ).
As shown in Figure 4A , the Prd HD Q9 mutant exclusively selected P3 sites, whereas the wild-type Prd HD predominantly selected P2 sites, but also, at a lower frequency, sites related to P3 (Fig. 1A, minor consensus) . We tested whether the wild-type Prd HD would bind cooperatively to the palindromic site selected by the Prd HD Q9 (P3), and vice versa, whether Prd HD Q9 would bind cooperatively to the P2 sequence. As predicted by the selection, the Prd HD also binds cooperatively to the P3 sequence, although with an affinity of about one-half of that on P2 (data not shown). The other Prd class merebers Gsb and Lune, which both have a serine at position 9 of the recognition helix, behave similarly to Prd HD (data not shown). In contrast, the Prd HD Q9 does not bind cooperatively to the P2 sequence ( Fig. 5A ; data not shown), consistent with the selection. The Prd HD Q9 therefore has a more stringent binding specificity than Prd HD. A heterodimer between Prd HD and Prd HD Q9 has an intermediate specificity; that is, it binds cooperatively to both P3 and, to a lesser extent, to P2 (data not shown).
Random-site selections also reveal differences in TAAT half-site binding specificity between the Prd HD and Prd HD Qg. Figure 1 shows that the Prd HD can accommodate TG, CA, or CG following the TAAT core. The absence of the sequence TAATTAATTA from the Prd HD selection suggests that the half-site TAATTA is unacceptable for Prd HD binding. By comparison, this half-site appears to be acceptable for Prd HD Q9 binding, as inferred from Figure 4A and results (not shown) of selections for optimal single TAAT half-sites for Prd HD Qg. Comparison of Figures 2A and 4B also shows that the Prd HD Q9 binds with about a fivefold higher affinity than Prd HD to the half-site TAATTG under the conditions used.
Many HDs in the Prd class possess a Q at position 9 of their recognition helices, such as Xenopus Mix-1 (Rosa 19891 . We tested whether Mix-1 would bind cooperatively to the P3 sequence, as does the Prd HD Q9 mutant. Mix-1 HD behaves indistinguishably from Prd HD Q9 on the five probes P3, P53, P2, P52, and P1/2, binding cooperatively only to the P3 sequence (Fig. 5A ). The cooperativity constant, ~-, for Mix-1 HD binding to P3 is estimated at 300 (data not shown). Figure 5B shows that and P5a show that the first binding event on P3 facilitates the second one by 240 times. The arrows indicate the difference in mobility between the dimeric complex on P3 vs. P5a, which suggests structural differences between the two complexes. the in vitro-translated full-length Mix-1 protein also dimerizes cooperatively on the P3 sequence but not on P5 or P l / 2 {or P2; data not shown). As Mix-1 represents one of the most divergent Prd class HDs as compared with Prd, these results allow us to generalize the role of the Q at position 9 in increasing the cooperativity on P3 and abolishing it on P2.
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A third DNA-binding specificity can be conferred by a lysine at recognition helix position 9
Some Prd class HDs bear a lysine at recognition helix position 9 [e.g., Gsc and Orthodenticle (Blumberg et al. 1991; Finkelstein et al. 1990) , respectively]. A Prd HD with an $9 that has been mutated to K9 selected the consensus shown in Figure 6A . Under conditions identical to those used for the other HDs, this mutant HD selected a nonpalindromic site with only one TAAT motif (TAATCC), to which it binds as a monomer (data not shown). This sequence is identical to that selected by the Bcd HD, which also bears a lysine at position 9 of its recognition helix (see above and Driever and N/issleinVolhard 1989). This suggested that the presence of a lysine at the ninth position of the recognition helix prevents dimerization or weakens it sufficiently to disfavor the selection of palindromic sequences, which are longer and therefore occur more rarely in the random sequence library. Because inverted TAAT elements in the P2 or P3 arrangements were selected by Prd HDs with position 9 occupied by serine (Fig. 1A) or glutamine {Fig. 4A) or three other amino acids (Ile, His, Asn; D. Wilson, unpubl.}, we inspected the individual sequences selected by the Prd HD K9 carefully for the presence of inverted TAATs separated by 2 or 3 bp. One of the oligonucleotides included the sequence TAATCCGATTA, and others had similar sequences but with one or more mismatches. We therefore subjected the pool of selected oligonucleotides to an additional three rounds of selection with Prd HD K9. After this treatment, 7 of 17 clones could be aligned according to the consensus TAATC-CGATTA (Fig. 6B) , called P3C. This corresponds to the palindromic arrangement of two TAATCC elements with the P3 spacing, where one of the half-sites must be compromised to TAATCG. The Prd HD K9 peptide binds cooperatively to the P3C probe (Fig. 6C) but not to P2C (TAATCGATTA), P4C (TAATCCGGATTA), or P5C (TAATCCGCGATTA) palindromes ( Fig. 6C ; data not shown). Comparison of binding to P3C versus P5C shows the cooperativity constant ~ to be 23 (by equation 4). This relatively weak cooperativity probably accounts for the difficulty in selecting the palindromic sequences.
Xenopus Gsc, a member of the Prd class of HDs which naturally possesses a lysine at position nine, behaves similarly (Fig. 6C) . As with the Prd HD Q9 binding to P3, the Prd HD K9 or Gsc HD binding to P3C causes a shift in the migration speed of the complex in the gel, as compared with the complex on P5C. The Gsc HD can also form a cooperative heterodimer with Xenopus Mix-1 on the P3C-binding site (Fig. 6D) . Note that the P3C sequence TAATCCGATTA simultaneously satisfies the sequence requirements for binding by Prd class HDs with position 9 occupied by glutamine (Q9, see Fig. 4A ), lysine (K9, see Fig. 6B ), or serine ($9, see the minor consensus in Fig. 1A) . A sequence more specifically suited to a heterodimer between a K9 HD and either a Q9 or $9 HD would be TAATCCAATTA.
Quantitative measurement of the interaction between the HD and DNA
The overexpressed Prd HD Q9 peptide was purified to -8 5 % purity by FPLC with heparin followed by mono-S {B. Guenther and ] . Kuriyan, unpubl.) . Using this purified shift on all three probes; the shift is at a higher position (D, dimer) and more abundant on P3, however, than on P53 or P1/2 {M, monomer). A faint dimeric complex also appears on P53 at the higher Mix-1 concentration.
protein, we then performed a mobility shift experiment (Fig. 7A) at very high probe concentration (0.5 VLM) tO measure precisely the active HD concentration by titration of an accurately determined amount of DNA. The binding curve shown in Figure 7B demonstrates that the amount rather than the concentration/affinity of HD is limiting for probe binding, as expected at this D N A concentration. Assuming a H D / D N A ratio of 2 : 1 for the upper band (D), we found the concentration of active HD to be similar to that estimated by a Bradford assay. We then performed a similar mobility shift with the purified Prd HD Q9 at a low probe concentration (0.2 nM, Fig. 7C ) and known HD concentration. In this case, the dose response curve (Fig. 7D) , as well as calculations of free versus bound HD concentration (not shown), indicate proper conditions for affinity measurement. In the lanes (marked by asterisks) of Figure 7C in which free probe, monomerically bound probe, and dimerically bound probe can be measured accurately, the two dissociation constants, Kal (for the unbound---~ singly bound P3 probe reaction) and Kd2 (for the singly bound P3 probe ~ doubly bound P3 probe reaction) can be calculated (see Materials and methods, equations 1 and 2). Accordingly, Kal is 9.7 ---2.0 nM and Kdz is 40 -+ 0.8 pM.
In each lane, "r is equal to Ka2/Ka~ (by definition) and is calculated to be 246 + 32. This is similar to the value (T = 240) determined with the crude cell lysates by comparing binding to P3 versus P53, above (using equation 4). It is also in reasonable agreement with the value of calculated by considering the relative band intensities for lanes marked by asterisks in Figure 7A ; here = 186 + 10 (according to equation 3). Therefore, the relative tendency of dimeric as opposed to monomeric binding of the Prd HD Q9 to the P3 probe is unchanged over at least a 3000-fold range in HD concentration. This rules out the possibility that the dimerization of the HD on DNA is mediated through a m e c h a n i s m involving dimer formation in solution. Rather, it shows that the magnitude of the interaction between the two HDs on the palindromic site is truly cooperative, that is, independent of HD concentration.
The cooperativity constants for Prd HD on P2 and Prd HD K9 on P3C were calculated above, on the basis of comparison with noncooperative probes, using equation 4 (Materials and methods). The constant can also be measured by comparing the relative band intensities (of. F with M with D in Figs. 2A and 6C} in each lane of the mobility shift, and using equation 3. This has the advantage that it is internally controlled; that is, it does not rely on comparisons between different probes or different lanes in a mobility shift. It has the disadvantage that rather faint bands must be quantified. Calculations based on relative band intensities in the lanes marked by asterisks in Figure 2A (where all three bands are clearly visible), show that 9 = 65 -+ 26 for the Prd HD cooperativity on P2. This is in reasonable agreement with the value obtained above (x = 441, using equation 4 and the comparison between P2 and P52. The same calculation yields T = 28 + 4 for Prd HD K9 cooperativity on P3C, and 22 + 4 for Gsc HD cooperativity on P3C, similar to the value obtained above (x = 23) for Prd HD K9 binding to P3C (by comparison with P5C, using equation 4).
D i s c u s s i o n
Prd family HDs cooperatively bind DNA as homoand heterodimers
Prd belongs to one of the largest and most intensely investigated classes of homeo proteins (Baumgartner et al.
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Cold Spring Harbor Laboratory Press on April 8, 2011 -Published by genesdev.cshlp.org Downloaded from 1987) . Surprisingly, the Prd HD binds optimally to a palindromic site composed of two inverted TAAT motifs, which are separated by 2 bp (P2). This is in sharp contrast to the monomeric mode with which other HDs are believed to recognize D N A (Pabo and Saner 1992) . The 60 amino acids comprising the Prd HD are sufficient to engage in cooperative binding to the two half-sites in this arrangement: the first binding event stimulates the second one by -50-fold. This cooperativity is lost when the inverted TAATs are disjoined, that is, separated by 5 bp (P5). In Drosophila cell culture, the full-length Prd protein activates transcription considerably more effectively (40-fold) on a single P2 site than on a P5 site or a half-site, suggesting that it can dimerize cooperatively on the selected P2 site in vivo.
The cooperative binding potential of Prd is conserved, as other HDs in the Prd class, such as Gsb or the more divergent known members, Lune, Mix-l, or Gsc, also bind cooperatively to the selected palindromic sequences (Fig. 8) . Furthermore, cooperative heterodimers between HDs in this class can also form on the palindromic binding sites. Because Prd and Gsb are expressed in the same Drosophila cells at the same time during embryogenesis (Frigerio et al. 1986; Gutjahr et al. 1993) , the Gsb-Prd cooperative heterodimer (Fig. 2B) may multiply the number of homeo protein species capable of executing distinct functions.
Although we could not detect cooperative dimerization on DNA of HDs in other classes (Engrailed, Evenskipped, Ftz, Zerknfilt, $59, Distalless; for references, see B/irglin 1993), it remains possible that members of these classes can contribute to heterodimers with members of other classes in combinations not yet identified.
Specificity of HD dimerization
The ninth amino acid position of the recognition helix has been shown previously to interact with the base pairs immediately 3' to the TAAT core sequence (Hanes and Brent 1989, 1991; Percival-Smith et al. 1990; Treisman et al. 1992) . These base pairs correspond to the center of symmetry in the palindromic sequences recognized by Prd class HDs. In relation to this, we show that the ninth amino acid position can change the nature of the cooperative complex formed by Prd class HDs. Whereas Prd class members possessing a serine at position 9 ($9) bind cooperatively to a palindr-mic DNA site in which 2 bp separate the two TAATs (P2), those carrying a glutamine at this position (Q9) prefer 3 bp between the TAATs (P3). The Q9-type HDs possess a stronger cooperativity than the $9 members, where the first HD increases the affinity of the second by >200-fold on P3, as compared with -50-fold in the case of the Prd HD on P2. Those HDs in which the position is occupied by a lysine also prefer 3 bp between the inverted TAAT motifs for cooperative interaction, but they have a more stringent requirement for the identity of the base pairs between the TAAT motifs and display a weaker cooperativity {25-fold). In the context of the Prd class of HDs, then, the ninth amino acid of the recognition helix simultaneously performs three functions: to set the specificity of spacing between TAAT half-sites; to modulate the magnitude of the cooperative interaction; and to determine the nature of the base pairs in the center of the recognition sequence. Hence, the Prd HD class includes members with at least three distinct DNA-binding specificities attributable to the identity of one residue. Other studies have attempted to distinguish the DNA-binding preferences between HDs within the Antennapedia class (Florence et al. 1991; Dessain et al. 1992; Ekker et al. 1992 ). The differences between these members in DNAbinding specificity are more subtle, possibly because No natural target sequences for Prd class homeo proteins have yet been defined. A 1-kb enhancer region from the engrailed gene, which directs prd-dependent expression {Kassis 19901, however, contains the site TAATT-TAATTG, which matches 9 of 10 bp with P3 and is conserved between Drosophila melanogaster and D. virilis (Kassis et al. 1989 ).
Structures of Prd class HD cooperative dimers
Most animal homeo proteins are believed to bind to single TAAT-containing sites, or to more complex sequences as a result of interaction with other protein domains. It seems likely (see next paragraph) that in the palindromic sequences, the two Prd HD molecules dock symmetrically onto each half-site with a conformation similar to that described for HDs binding individual TAAT motifs (Kissinger et al. 1990; Otting et al. 19901 . A model of the P2 complex, based on the orientation of the Engrailed HD binding to a single TAAT site {coordinates provided by C. Pabo), is shown in Figure 8 . The two recognition helices approach each other at their amino termini and could potentially interact through the tum of the helix-turn-helix to mediate the cooperative interaction.
The conversion from S to Q or K at position 9 of the recognition helix results in a dramatic structural change of the cooperative complex on P2 versus P3 IFig. 8}: The 1 bp increased spacing results in a vertical and rotational shift of the two HDs away from each other (by -3 . 4 / k and 34 ~ , respectively}, as shown in the comparison between the top (P2) and bottom (P3) structures in Figure 8 . Modeling of the P3 dimer suggests that this structural change {from P2 to P3) would prevent any contact between the two HD monomers and, therefore, disable the cooperative interaction between them. In contrast, increased cooperativity is observed with the Q9 (P3) spacing. Three possible models may explain this paradox. I1} The DNA may bend in the P3 complex, as is suggested by the aberrant migration of the cooperative dimer on the P3 probe (see Fig. 4B )~ however, a very severe deformation would be required to maintain contacts similar to those present in the P2 complex. [2) Alternatively, the structural features of the individual Prd HDs binding to the P3 half-sites may be different from those defined by X-ray crystallography and nuclear magnetic resonance [NMR) for other HDs. More divergent HDs (Antennapedia and a2, which share only 24% homology}, however, have extremely related structures and DNA docking conformations (Otting et al. 1990; Wolberger et al. 1991) . Furthermore, because both Antennapedia class (Nelson and Laughon 1990; Ekker et al. 1991 Ekker et al. , 1992 Florence et al. 1991) and Prd class HDs prefer binding to sequences containing a TAAT motif to all other random sequences, similar amino acid-base pair contacts have probably been maintained throughout evolution, thus eliminating the likelihood of major structural differences. (3) Finally, the cooperative effects may be mediated through an allosteric change in the DNA; that is, the first binding event to one half-site may change the conformation of the second half-site, improving its affinity for a second HD. Such a mechanism would not require contact between the two HDs. DNA has been reported capable of mediating allostery (Hogan et al. 1979; Ansari et 
1992) but not with such spatial specificity as to allow cooperativity differences on, for example, P3 versus P5.
Examination of the amino acid sequences specifically conserved among the Prd class HDs shown to engage in cooperative dimerization suggest possible regions responsible for the interaction. The loop between the first and second helices contains the conserved sequence YPXI/V at positions 25-28 (X is a nonconserved position). This sequence in one HD may contact the relatively nearby basic amino acids at the amino-terminal arm of the second HD, which are highly conserved among all HDs and interact with the minor groove of the DNA. Also specifically conserved among the Prd class HDs are recognition helix positions one (E) and three (R or K), which may interact electrostatically with each other in the cooperative complex. The residues of helix 2 at positions 41-44, REXL, are also specifically conserved among the HDs shown to dimerize cooperatively, although the mechanism by which they might contribute to this effect is beyond prediction.
HD dimerization as a functional specificity determJn an t
The high degree of conservation of the HD and previous reports of its modest DNA-binding specificity have suggested that functional specificity differences between different homeo proteins could not derive merely from inherent differences in DNA-binding preference (Hayashi and Scott 1990) . Some homeo proteins therefore rely on protein sequence outside of HD for specificity; examples are those homeo proteins bearing a second DNA-binding domain, such as the Prd domain or the POU-specific domain (Sturm and Herr 1988; Ingraham et al. 1990; Chalepakis et al. 1991; Treisman et al. 1991; Verrijzer et al. 1992) . Homeo proteins have also achieved specificity by requiring a cofactor to bind DNA efficiently (Mendel et al. 1991) . A well-documented example is the yeast oL2 protein, able to interact with the MCM-1 factor (Keleher et al. 1988; Smith and Johnson 19921 . Some homeo proteins, such as HNF-1 and a2, contain independent dimerization domains that allow the formation of homo-and heterodimers (Dranginis 1990; Rey-Campos et al. 19911 . The POU-specific domain can mediate DNA-dependent dimerization [Ingraham et al. 1990) , which may explain the observation that the intact Oct-1 POU domain (POU-specific domain plus POU HD) can dimerize cooperatively on adjacent octamer sites (LeBowitz et al. 1989) . It should be noted that in this case the requirements for orientation and spacing of the two cooperating binding sites for Oct-1 (LeBowitz et al. 1989) are completely different from those for the HD-mediated cooperativity reported here for the Prd class HDs, as judged from a recent alignment of the TAAT motif with the octamer sequence [Verrijzer et al. 1992) .
In contrast to this reliance on protein elements outside of the HD, some HDs themselves contain sufficient information to provide high level specificity. For instance, a Prd class HD has been reported recently to interact with members of the SRF/MCM-1 family of transcription factors (Grueneberg et al. 1992) . Also, the Oct-1 HD can interact with the VP16 protein (Lai et al. 1992; Pomerantz et al. 1992) , and some POU HDs have been shown recently to interact with each other in solution (Treacy et al. 1991 (Treacy et al. , 1992 Voss et al. 1991) . Here, we report a new strategy by which a property intrinsic to the HD can provide increased specificity: The Prd class HDs contain sufficient information to specify the assembly of cooperative homo-and heterodimers on palindromic DNA sequences. These palindromic binding sites are longer and therefore occur more rarely in the genome than the sequences recognized by HDs in other classes, thus increasing the binding specificity. Our observation may be related to the finding that the isolated POU HD, which shares only 29% identity with Prd, can dimerize on a sequence that resembles the P3 site (TAATGAPu-ATT vs. TAATPyNPuATTA; Kristie and Sharp 1990) . Although the cooperative binding by the Oct-1 HD is apparently abolished by the POU-specific domain, these results suggest that a wide variety of HDs have the potential to dimerize on DNA.
The ability of a small globular domain to recognize distinct configurations of binding sites on DNA has also recently been reported for other DNA-binding domains. Different members of the bZIP family (Hai et al. 1988; Sellers et al. 1990; Cuenoud and Schepartz 1993 ) and the C 6 zinc cluster family (Reece and Ptashne 1993) recognize palindromes with different spacings between halfsites. The same is true for members of the steroid receptor superfamily (Umesono and Evans 1989; Luisi et al. 1991) , some members of which instead prefer binding to direct repeats with different spacings (Umesono et al. 1991) or even to monomeric sites (Wilson et al. 1992) . The mechanisms by which different members of these conserved families have evolved distinct configurations for DNA recognition are of considerable interest.
Materials and methods
Cloning and protein preparation
HD peptides used for mobility shifts were produced by cloning homeo box sequences into the NdeI-EcoRI sites of pAR3038, overexpressing them in E. coli strain BL21, and preparing them as crude extracts as described (Treisman et al. 1989) . The restriction sites were introduced into the borneo boxes by PCR. Wild-type and mutant Prd HD peptides consisted of an introduced initiating methionine, the 60-amino-acid HD, and 4 amino acids downstream derived from Prd. Mutagenesis at position 9 was performed with a 3' PCR primer degenerate at this codon. The Gsb HD has 19 amino acids upstream and 9 amino acids downstream of the HD. The Mix-1 HD has 17 amino acids upstream and 4 amino acids downstream of the HD. The Prd HD Q9 peptide was purified to >85% purity by FPLC on heparin followed by Mono-S lPharmacia) and will be described elsewhere (B. Guenther, unpubl.). The full-length Mix-1 protein was cloned into the same vector using the NdeI and BamHI sites and expressed in the coupled in vitro transcription/translation rabbit reticulocyte system (Promega) with the T7 polymerase. Equal amounts (1 ~g) of either pAR Mix-1 or the control vector without insert were added to a 50 V. 1 Promega coupled TnT transcription/translation reaction. All protein preparations were stored at -80~ GST fusion proteins were created in the pGEX-2T vector {Pharmacia) after introducing BamHI and EcoRI sites into homeo box inserts by PCR. For the wild-type and mutant Prd HDs, 17 amino acids upstream and 4 amino acids downstream of the HD (derived from Prd) were included in the expressed product. The proteins were expressed and purified as described {Ausubel et al. 1991). Protein was not eluted from the beads. Protein/bead slurries are stable for several months at 4~
The plasmid producing Prd was cloned by inserting NdeI-cut/ blunt-ended cDNA sequence into the blunt-ended unique BamHI site in the pPAC vector (Jaynes and O'Farrell 1988; Krasnow et al. 1989 ). The putative HD-binding sequences were cloned as follows: A linker containing a BamHI site was cloned into the unique PstI site of the pD-33CAT vector {Ronchi et al. 1993). The annealed oligonucleotides described above for the mobility shift {P1/2, P2, and P52) were then cloned into the BamHI site of the modified pD-33CAT vector.
Random selection protocol
The random sequence library was prepared by synthesizing an oligonucleotide with the sequence CATGAATTCTCCTATA-CTGAGTTCATGATN 18TGATATCGAACTGTATCGATGA-ATTCCAC (or related oligonucleotides) and PCR primers annealing to the first (top strand) and last {bottom strand) 20 bases. The 3' primer was gel-purified and end-labeled and a primer extension reaction was carried out with purified random template. The selection procedure was initiated by mixing 100 ng of the double-stranded template with 10 ng of fusion protein attached to 5 txl of GSH-agarose beads in 0.5 ml of 20 mM Tris (pH 8.0), 50 mM KC1, 0.5 mM EDTA, 1 mM DTT, 10% glycerol, 20 ~g/ml of BSA, and 2 }xg/ml of poly[d{I-C)]. The mixture was rotated at 4~ for 1 hr and then was centrifuged at 12,000g for 1 rain. The supematant was removed, and the pellet was washed twice with 0.8 ml of 20 mM Tris-HC1 (pH 8.0), 50 mM KC1, 0.5 mM EDTA, 1 mM DTT, and 10% glycerol. This pellet was resuspended in 30 ~1 of water, boiled for 3 rain, centrifuged rapidly, and 10 ~1 of this supematant was used as template for a PCR reaction containing 10 mM Tris-HCl {pH 8.3), 50 mM KC1, 200 laM each dNTP, 10 ~g/ml of each primer, and 50 U/ml of Taq polymerase in a total volume of 50 M. Twenty cycles of 94~ {30 sec), 44~ {30 sec), and 72~ (30 sec) were followed by the addition of excess amounts ( 1.2 graml of each primer and 2.5 additional units of Taq polymerase. A final cycle of 94~ (2 min), 44~ (1 min), and 72~ (10 min) ensured that most of the library would be double stranded without mismatches. This would conclude the first generation of selection/amplification. The second generation begins when 10 ~tl of the above PCR reaction (which contains 100 ng of double-stranded random DNA template} is mixed with fusion protein exactly as in the first generation. The remaining steps are identical to that for the first generation. After the last PCR amplification step, a fraction of the PCR product is cut with EcoRI and cloned into PKSII{Stratagene), and the individual selected oligonucleotides are sequenced. Selections consisted of five generations, except where noted.
Mobility shift assay
Oligonucleotides used for the mobility shift assay were purified on sequencing gels, eluted into 0.5 N ammonium acetate, 10 mM Tris-HC1, 1 mM EDTA, 0.1% SDS (pH 5.2), filtered, and desalted on a NAP-25 Sephadex column. The two strands of each probe possess 5' GATC overhangs to permit labeling with DNA polymerase, cold dGTP, dTTP, and dCTP, and [a-32P]dATP. The sequences for the top strand of the probes are as follows: P2, GATCCTGAGTCTAATTGATTACTGTAC-AG; P52, GATCTGAGTCTAATTGATGATTACTGTAC; P3, GATCCTGAGTCTAATTGAATTACTGTACA; P53, GATCT-GAGTCTAATTGAGAATTACTGTAC; P3C, GATCCTGAG-TCTAATCCGATTACTGTACA; P5C, GATCTGAGTCTAA-TCCGCGATTACTGTAC; and P1/2, GATCCTGAGTCTA-ATTGAGCGTCTGTACA. For the P2 probe, the sequence for the bottom strand is GATCCTGTACAGTAATCAATTAGAC-TCAG, and analogous bottom strands were used for the remaining probes. For the mobility shift shown in Figure 7A , the probe was top strand, AGACTTAATTGAATTATCAGC, and bottom strand, TGCTGATAATTCAATTAAGTC. This probe was labeled by kinase with ['y-32p]dATP and then annealed. The crude protein extracts were diluted in 20 mM Tris-HCl {pH 7.51, 75 rr~ KC1, 1 mM DTT, 0.5 mg/ml of BSA, 1 mM PMSF, 200 IxM benzamidine, and 10% glycerol to appropriate levels where binding to the indicated probes could be detected, but no binding was observed in a mock extract or to nonspecific DNA. Diluted extracts were mixed with 0.2 ng of labeled DNA (except for Fig.  7 , as indicated) in a total volume of 20 ~1 containing 15 mM Tris-HC1 (pH 7.5}, 60 mM KC1, 0.5 mM DTT, 0.25 mg/ml of BSA, 0.5 mM PMSF, 100 tam benzamidine, 4 mM spermine, 4 mN spermidine, 50 ixg/ml of poly[d{I-CIl, 0.05% NP-40, and 7.5% glycerol. For the mobility shifts with purified protein, protein dilutions and binding reactions omitted PMSF, benzamidine, spermine, spermadine, and poly[d{I-C)]. After 25 rain at room temperature, contents were loaded onto an 8% polyacrylamide/ bis-acrylamide (29 : 1) gel buffered with 0.25 x TBE, and run at 12 V/cm in 0.25x TBE running buffer for 2.5 hr. Gels were then fixed in 10% acetic acid, 10% ethanol, dried, and exposed to film or PhosphorImager cassette. For the experiment with the full-length proteins transcribed/translated in vitro, the reactions were run on a 4% gel for 1.5 hr. Quantification of mobility shift bands was performed on the Phosphorlmager using the integrate volume function. Estimation of Prd HD and Prd HD Q9 concentration in the crude lysates was made by comparing purified Prd HD Q9 peptide, at a concentration determined in Figure 7B , with crude lysates on a SDS-polyacrylarmde gel. This was used to estimate the concentration of HD in the gels shown in Figures 2A and 4B and is accurate -+50%.
Calculations of DNA-binding affinity and cooperativity
The binding of a monomeric protein to a DNA probe containing two possible binding sites is represented by reaction 1: Kdl P+D---* PD reaction 2: Ka2 PD + P .-. P2D
where P is the protein, D is the DNA, PD is the singly occupied DNA, and P2D is the dimerically bound DNA. Kdl and Kd2 are the dissociation constants for the reverse of the first and second reaction, respectively, and are equal to Drosophila cell culture and CAT assays Drosophila Schneider 2 cells were cultured in M3 media supplemented with 10% fetal bovine serum at 25~ Transfection was done at 50-70% confluency by the calcium phosphate procedure. A total of 15 ~g of DNA containing 1 ~g of hsp82-B-gal and 2 ~g of reporter constructs were used for each transfection. Cells were then grown for 36-48 hr, after which they were washed three times with PBS, once with TEN (40 mM Tris-HC1 at pH 7.5, 1 mM EDTA, 150 mM NaCI), lysed in 150 ~1 of 0.25 M Tris-HCl (pH 7.5) by freeze-thawing three times, and supernatant was collected for assay. Chloramphenicol acetyltransferase (CAT) assays were carried out by mixing 150 ~L1 of 0.25 M Tris-HC1 (pH 7.5), 20 ~1 of the extract, 10 ~1 of 4 mM AcCoA (Boerhinger), and 3 ~1 of [14C]chloramphenicol (DuPont), and incubating for 1 hr at 37~ The reaction was stopped by extraction with ethyl acetate. The extract was lyophilized and spotted on TLC plate (Eastman Chromogram) and run in 19 : 1 chloroform/methanol. Radiolabeled chloramphenicol and acetylated chloramphenicol were quantified with a PhosphorImager using the integrate volume function. CAT activities were normalized according to the B-gal activity.
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